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es.2013.0Abstract In oil reservoirs about 40% of the original oil in place is produced and the rest remains as
residual oil after primary and secondary oil recovery due to geological and physical factors. Addi-
tional oil can be mobilized by applying some improved oil recovery methods. However, there is no
universal IOR method to be implemented in any reservoir. Efforts are made to develop IOR meth-
ods with lower risk. One of these methods is the application of sound/ultrasound waves in the res-
ervoirs to overcome the interfacial tension between oil and water, and reduce capillary pressure in
the pores.
In this study, laboratory experiments on core samples were conducted to investigate the ability of
ultrasound waves to mobilize additional oil. The core ﬂooding was performed horizontally and ver-
tically and the wave stimulation was applied at original oil in place and at residual oil saturation
after performing initial waterﬂooding. Oil/water relative permeability was calculated to evaluate
the ﬂooding performance in the presence and the absence of wave stimulation and the rate of oil
recovery was determined. In addition, water fractional ﬂow curves were considered to determine
the average water saturation after breakthrough in the presence and the absence of ultrasound
waves. Moreover, the effect of wave stimulation on unconsolidated core samples was investigated.
Results show that the rate of oil displacement increases due to various identiﬁed mechanisms, and
the interaction of the generated waves with the ﬂuids in porous media causes changes in relative
permeability and in water breakthrough. Wave stimulation at residual oil saturation was more
effective than the case of original oil in place. Therefore, this method is advised to be used in
depleted reservoirs. Moreover, wave stimulation on core sample with a compressive strength of
<150 psi (unconsolidated) is not recommended due to sand production.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.(E. Alhomadhi).
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The world oil reserves can be increased by employing new oil
production methods to recover most of the oil found in pores
between rock particles. The production history of a petroleum
reservoir goes through several production stages. The ﬁrst
stage is primary recovery process, in which the reservoir
pressure causes the ﬂuid to ﬂow into production wells and then
to the surface. If the reservoir pressure is not signiﬁcant to
maintain ﬂuid ﬂow to the surface, down hole pumps or gas lift
is used to raise the oil to the surface. The average primary
recovery rate is around 10–15% of the original oil in place,
depending on the oil and rock properties as well as drive mech-
anism. The second production stage known as secondary
recovery methods includes gas and brine reinjection or water
ﬂooding. The injection of ﬂuids is implemented to replace
the produced reservoir ﬂuid, thus, the reservoir pressure can
be maintained, or to displace the oil directly into the produc-
tion wells and then to the surface. The most common method
involves ﬂooding the reservoir with water. The ultimate recov-
ery factor can be increased to about 40% by employing the
secondary recovery method (Roger Hite et al., 2004; Lake
et al., 1994; Chierici, 1994; Laherrere, 2001).
The main causes of the poor recovery of the ﬁrst two pro-
duction stages are the existence of the interfacial tension be-
tween oil and water (capillary forces), high mobility ratio,
and the heterogeneities in the reservoir rock. Therefore, the
remaining oil in the reservoir after the primary and secondary
methods is the potential target of the third production stage,
namely the tertiary recovery methods. The tertiary recovery
method is often termed as Enhanced Oil Recovery (EOR). In
order to recover some of the oil left in the reservoir, EOR-
methods have to be applied to overcome the physical and geo-
logical effects.
The main goal of the EOR methods is one or more of the
following (Lake et al., 1994; Littmann, 1997; Williams, 2003;
Amro, 1994; Zhu et al., 2005; Gharabi, 2005):
- Reduction of the interfacial tension between oil and water,
and reduce capillary pressure.
- Decrease of the mobility ratio between oil and water by
increasing water viscosity.
- Injection of chemical solvents.
However, efforts are made to develop new techniques with
lower application risk. One of these alternatives is the applica-tion of sound/ultrasound wave stimulation. This technique is
promising as new well stimulation technology to enhance oil
recovery and/or to remove formation damage around the well-
bore. It is known that propagation of the applied waves de-
pends on elasticity, grain size and density of the rock
(Gharabi, 2005).
Ultrasound waves will create vibrations in the reservoir,
which would facilitate the production by changing the capil-
lary forces, adhesion between rocks and ﬂuids and cause oil
coalescence (Frederick, 1965; Kouznetsov, 1998; Hamida and
Babadagli, 2005).
Generating elastic waves in the reservoir can cause an accel-
eration of gravitational segregation of gas, oil and water. Inter-
national interest in developing elastic wave stimulation as an
effective enhanced oil recovery technology is growing.
In Russia, China, Canada, USA and Norway, laboratory
investigations have focused on elastic-wave vibration, pressure
pulsing, vibro-seismic technology as new EOR techniques, to
study the effect of these technologies on improving oil recovery
and reducing water oil ration (Frederick, 1965; Kouznetsov,
1998; Hamida, 2005). Sound waves are generally used in the
oil industry for exploration and appraisal during seismic and
logging surveys and they are used in many other industrial
applications to remove contaminants from other parts (Hami-
da and Babadagli, 2005; Westermark et al., 2001; Nikolaevskiy
et al., 1996; Al-Homadhi et al., 2001).
Erfan et al. conducted an ultrasonic stimulated water-ﬂood-
ing experiment on unconsolidated sand pack. Kerosene, vase-
line and engine oil were used as the non-wet phase in the
system. A 3–16% increase in the recovery of water-ﬂooding
was observed. Emulsiﬁcation and cavitations were identiﬁed
as contributing mechanisms. These ﬁndings are expected to in-
crease the insight into involving mechanisms which lead to
improving the recovery of oil as a result of application of ultra-
sound waves (Mohammadian et al., 2013).
Khosrow and Tayfun use oil saturated cylindrical sand-
stone cores placed into imbibition cells, then oil recovery per-
formances were tested with and without ultrasonic radiation.
The ultrasonic frequency was 22 and 40 kHz. An increase in
recovery was observed with ultrasonic energy in all cases. This
change was more remarkable for the oil-wet medium. But the
additional recovery with ultrasonic energy became lower as the
oil viscosity increased (Naderi and Babadagli, 2010).
Tarek and Tayfun investigated the effect of ultrasound on
ﬂow through a capillary using the pendant drop method.
Water was injected into a capillary tube submersed into several
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drop rate per minute was measured at several ultrasonic inten-
sities. Their semi-quantitative results reveal that the remark-
able change in the interfacial forces between oil and water
could be the explanation to the enhancement of oil recovery
when the ultrasonic waves are applied (Hamida and Babada-
gli, 2008).
Vladimir et al. described a new method for ultrasonic
enhancement of oil recovery from failing wells. The technology
involves lowering a source of power ultrasound to the bottom
of the well either for a short treatment before removal or as a
permanent placement for intermittent use. They concluded
that in wells where the permeability is above 20 mD and the
porosity is greater than 15% ultrasonic treatment can increase
oil production by up to 50% and in some cases even more.
And for wells of lower permeability and porosity ultrasonic
treatment alone is less successful, but high production rates
can be achieved when ultrasound is applied in conjunction
with chemicals (Abramov et al. in press).
These ﬁeld results make this method a very promising en-
hanced oil recovery method in the near future.
The results of Erfan and Khosrow and the work of other
scholars encouraged me to extend their research work by per-
forming ultrasonic stimulated water-ﬂooding experiments, but
with a different approach:
- First: by using consolidated natural sandstone cores and
crude oil as the displaced ﬂuid, instead of unconsolidated
pack and kerosene or mineral oil as Mohammadian et al.,
2013 did.
- Second: by using core ﬂooding process, instead of using
imbibition cells as Naderi and Babadagli, 2010) did.
- Third: by using a higher ultrasonic frequency.
In this study, the potential of the sound and ultrasound
waves to enhance oil recovery will be investigated as an alter-
native method to the conventional EOR.
The advantages of this method compared to other conven-
tional recovery methods can be summarized as follows:
- It may replace or reduce the need for chemical stimulation
(acid, solvents . . . ), which is in some cases not compatible
with the reservoir rock or ﬂuid.
- It can be conducted at any deﬁned interval allowing precise
wellbore stimulation.
- It might be conducted to remove the ﬁlter cake especially in
horizontal wells with long horizontal section, in which large
amount of acid solution might be required. Coiled tubing
attached with ultrasound wave generator can be run into
the horizontal section to remove the ﬁlter cake.
- It might be carried out while the well is producing.
In this study, laboratory experiments on core samples have
been conducted under reservoir conditions with the following
objectives:
- To investigate the applicability of sound and ultrasound
waves as an effective method to transport energy through
the reservoir with the aim of oil mobilization.
- To determine the rate of oil displacement by water ﬂooding
in the presence of applied sound and ultrasound waves.
- To identify the main causes of the additional recovery.- To compare this approach with other conventional
methods.
To describe and interpret the data obtained from labora-
tory displacement tests in this study, determination of the rel-
ative permeability was essential for all ﬂooding runs. Johnson,
Bossler, Nauman (JBN) method is used to interpret the ob-
tained data. The JBN method presents the calculation of rela-
tive permeability more accurately than other interpretation
methods (Toth et al., 2001; Al-Fattah, 2004).2. Experimental work
The purpose of ultrasound technology is to provide contin-
uous energy to create hydrodynamic waves downhole for
dislodging trapped oil at a distance from the source. To
evaluate the effect of sound/ultrasound wave stimulation to
enhance oil recovery, ﬂooding tests on core samples were
carried out. A specially designed ﬂooding system was in-
stalled to conduct the required experiments (see Appendix
A). The main components of the ﬂooding apparatus are
ﬂuid storage vessels, displacement pumps, Hock cell (core
holder), fraction collector and acoustic and ultrasound gen-
erator. The pressure drop across the core was measured
using pressure transducers.
The effect of ultrasound waves on oil recovery was investi-
gated using Berea sandstone saturated with Saudi crude oil.
The core was placed in the core holder with conﬁning pressure
up to 1500 psi applied with hand pump. Then it was evacuated
using a vacuum pump and saturated with 5% brine. The pore
volume was measured and porosity was calculated. Then Brine
was ﬂooded with 5 pore volume (PV) and the core permeability
was calculated at a constant injection ﬂow rate. The core samples
were thenﬂoodedwith the crudeoil until noBrinewas produced.
Then oil was displaced with brine at a constant ﬂow rate
until the residual oil saturation was reached and the original
oil in place (OOIP) was determined. Continuous recording of
the pressure drop to determine the relative permeability was
performed. This ﬁrst step of the experiment will represent the
waterﬂooding without applying ultrasound waves and will be
used as a reference.
In the second step of the experiment wave stimulation was
applied on these cores at the residual oil saturation using an
ultrasound wave generator with a special design to mobilize
additional oil.
Other displacement tests on core samples were conducted at
the original oil in place (OOIP) to investigate the effect of the
ultrasonic waves under initial reservoir oil saturations (at the
start of oil production), and the oil/water relative permeability
was evaluated.
Another set of experiment was performed using unconsoli-
dated core samples to examine the inﬂuence of the generated
waves on poorly consolidated sandstone formations.
The experiments were conducted using the Arabian light
crude oil with a viscosity of 13 to 16 cp and API gravity of
31.2 measured at ambient conditions.
Synthetic brines at 5 wt.% concentration were applied in all
runs, consisting of 83% wt sodium chloride (NaCl) and 17%
wt calcium chloride (CaCl2).
Two different types of core samples were used through this
study. Berea sandstone core samples with a compressive
Figure 1 Relative permeability curves to water and oil in the
absence of wave stimulation as a reference experiment.
Figure 2 Behavior of water/oil relative permeability in absence
and presence of wave stimulation at OOIP.
Figure 3 Fractional ﬂow curves of reference and wave stimu-
lated experiments.
106 E. Alhomadhi et al.strength of 5000 psi were selected. The other type of core sam-
ples was cut from an outcrop of sandstone rock as unconsoli-
dated with a compressive strength of almost 150 psi. The core
samples were washed and dried in an oven at 120 C for 24 h.
The dimension of the core plugs range between 9.0 and
10.45 cm in length and 5.2 cm in diameter.
The high-frequency ultrasonic source is a Clifton ultra-
sonic bath MU-22. It generates high-frequency waves at
50 kHz with a power output of 300 watts. The bath is ﬁlled
with water as a carrying ﬂuid to allow transmitting the
waves to the core sample. The dimension of the ultrasonic
bath allowed the experiments to be carried out in vertical
and in horizontal positions. The samples were exposed to
ultrasonic stimulation using two treatment procedures, for
several cycles of short time (few minutes), and for continu-
ous wave stimulation treatment. Ultrasonic energy is used
in this application to perform some kind of mechanical work
and the power required is the main important factor for this
method to be economical. However, the power may range
from just few watts to several kilowatts depending on the
frequency.
3. Results and discussion
Flooding experiments on core samples were conducted hor-
izontally and vertically. The wave stimulation was carried
out in the ﬁrst set of experiments at residual oil saturation
after waterﬂooding, and in the second set of experiments
at the original oil in place. Oil/water relative permeabilities
were determined in the presence and the absence of ultra-
sonic waves, the additional oil recovery due to wavestimulation was measured and water fractional ﬂow was
calculated.
The displacement runs were applied on Berea cores and
other cores to investigate the effect of wave stimulation
on the relative permeability at the original oil in place
(OOIP) and at the residual oil saturation after waterﬂooding
(SOR).
3.1. Effect of wave stimulation on oil recovery with
waterﬂooding at original oil in place
The experiments were conducted in two series, horizontally
and vertically, to describe the ﬂow of oil and water in the por-
ous media. The relative permeability of each phase is plotted
against water saturation to identify the performance of wave
stimulation. It is also worth mentioning that a reference-ﬂood-
ing test was conducted each time in case of any modiﬁcation of
ﬂooding and/or rock parameter. Moreover, the excitation
time, at which the core was exposed to the wave stimulation,
did not exceed 45 min. as per manufacturer’s recommendation.
Several repeat runs were made to ensure the reproducibility of
the results obtained.
3.1.1. Horizontal core ﬂoods
Fig. 1 presents a typical behavior of relative permeability
curves to water and oil as a function of water saturation. It
was generated in the absence of wave stimulation as a reference
experiment for the horizontal ﬂooding tests.
As shown in the ﬁgure, the recoverable oil by waterﬂooding
after water breakthrough lies between the irreducible water
saturation (Swi = 25.7% PV) and the water saturation at
residual oil saturation, which is Swor = 1  Sor = 65.9%
PV. The relative permeability to oil is close to one at Swi and
decreases rapidly as oil is displaced by water while the relative
permeability to water rises gradually.
Another ﬂooding experiment was run in the presence of
wave stimulation at the original oil in place (OOIP) to com-
pare the water/oil relative permeability with that presented in
the previous run.
The rate of oil recovery by water in the presence of wave
stimulation, which started at OOIP, increases considerably.
In the presence of wave stimulation, the oil recovery is at a le-
vel of about 59% of the OOIP, while in the absence of wave
stimulation oil recovery was at 54% of the OOIP.
Figure 4 Effect of wave stimulation on the water/oil relative
permeability in high permeable core sample.
Figure 5 Water/oil relative permeability in cores with higher
initial permeability.
Figure 6 Effect of wave stimulation on the water/oil relative
permeability in vertical coreﬂoods.
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of the wave stimulated experiment is very close to that ob-
tained in the reference experiment (this could be due to the
intrinsic differences in core sample properties). However, the
improvement of relative permeability to oil in wave stimulated
run appears at water saturation higher than 60% of PV. This is
an indication that the wave stimulation might be beneﬁcial in
the reservoirs at advanced stage and not at early stage.
Fig. 3 presents the fractional ﬂow curves of the core sam-
ples given in Fig. 2. The intercept of the tangent line drawn
from the initial water saturation with the line, fw = 1, is the ac-
tual value of average water saturation after breakthrough. The
fractional ﬂow for water (fw) varies between zero (which means
100% oil is leaving the core sample) and one (which means
that 100% water is leaving the core sample). The average water
saturation after breakthrough in the wave stimulated core was
higher than the average water saturation in the reference
experiment core.
To clarify the result of the previous runs, a series of coreﬂo-
ods were conducted using core samples having higher initial
permeability (around 3000 mD). Fig. 4 presents the relative
permeability curves in core samples having high initial
permeability.
The oil recovery in the presence of wave stimulation is at a
level of 59.3% of OOIP and was higher than that obtained in
the reference experiment (54.1% of OOIP). Although the ﬁnal
oil recovery of the wave stimulated sample is higher than that
of the reference sample, an early water breakthrough was ob-
served in the stimulated core.
Moreover, similar results concerning the early water break-
through were obtained in the runs as presented in Fig. 5.Although the presence of wave stimulation leads to higher
cumulative oil recovery, it accelerates the water breakthrough
in core samples having high permeability.
The observation of early water breakthrough, especially in
the experiments of high permeability coreﬂoods in the presence
of wave stimulation, guided us to study the effect of gravita-
tional separation, which might be the reason behind this phe-
nomenon. Therefore, a series of core ﬂoods in vertical
positions were performed.
3.1.2. Vertical core ﬂoods
A series of coreﬂoods were conducted vertically with the same
ﬂooding parameters and conditions used in horizontal coreﬂo-
ods to evaluate the effect of wave stimulation on the oil/water
segregation. The wave stimulation was applied at original oil
in place (OOIP) and at residual oil saturation after water
ﬂooding (SOR). Also, reference experiments were necessary
to compare the recovery performance in the presence and the
absence of wave stimulation. The ﬂow was directed upward.
Fig. 6 shows the ﬂood performance in the presence and the
absence of wave stimulation. The ﬁgure exhibits a difference in
the relative permeability and in the recovery performance be-
tween the reference and stimulated cores. The presence of wave
stimulation causes an improvement of relative permeability to
oil at any water saturation, and higher oil recovery occurred.
In the presence of wave stimulation 58% of OOIP was ob-
tained, while it was about 49.9% of OOIP in the absence of
wave stimulation.
On the other hand, the water breakthrough in the stimu-
lated core appears later than that in the reference core. Frac-
tional ﬂow curves of water for the same cores were
calculated and presented in Fig. 7.
The oil recovery at breakthrough is higher in the presence
of wave stimulation. Therefore, wave stimulation would be
more encouraging in horizontal wells, which are placed in
the upper layers of the reservoir to beneﬁt from the gravita-
tional separation.
Additional vertical coreﬂood tests were conducted on core
samples having lower initial permeability (176 mD) and results
are presented in Fig. 8. The ﬂooding performance in both core
samples shows a uniform displacement, which may be an indi-
cation that more excitation time of wave stimulation should be
applied in cores of lower permeability to mobilize additional
oil from the core samples. However, taking again the fractional
ﬂow curves of both core samples into consideration, the water
Figure 7 Comparison of fractional ﬂow curves for water in the
presence and the absence of wave stimulation in vertical
coreﬂoods.
Figure 8 Effect of wave stimulation on water/oil relative
permeability on low permeable core samples.
Figure 9 Effect of wave stimulation on the oil recovery in high
and low permeable core tests.
108 E. Alhomadhi et al.breakthrough in the reference run occurred slightly earlier than
that in the stimulated experiment.
3.2. Effect of wave stimulation on oil recovery at residual oil
saturation (SOR)
To evaluate the effect of wave stimulation on oil recovery at
residual oil saturation, core samples were water-ﬂooded until
the residual oil saturation was reached. Generally about
4 PV of brine was injected before the residual oil saturation
was reached. The cores were further water-ﬂooded in the pres-
ence of wave stimulation. The efﬂuents were collected using a
fraction collector and the oil recovery was calculated. Different
values were used to calculate the oil recovery; at the end of ini-
tial waterﬂooding in percent of pore volume (PV), at the end of
wave stimulation (Sors) in percent of the residual oil satura-
tion, and in percent of original oil in place. All core samples
stimulated at residual oil saturation showed additional oil
recovery varying between 2.5% and 5% of OOIP or 5–10%
of residual oil saturation, respectively. However, the additional
oil recovery occurs in all runs after an excitation time of 15–
20 min. However, two procedures of wave stimulation were
applied namely; intermittent and continuous wave stimulation.
Fig. 9 presents the oil recovery performance of two core
samples with different initial permeabilities of 300 and
1500 mD as a function of the cumulative volume injected.The wave stimulation was applied after waterﬂooding at resid-
ual oil saturation as indicated.
The performance of the initial waterﬂooding of the high
permeability core shows lower oil recovery than that obtained
from the low permeability core and therefore the residual oil
saturation, which is exposed to the wave stimulation, is 39%
PV (50% OOIP) and 31% PV (41% OOIP), respectively. Thus,
the wave stimulation in the high permeable core leads to higher
oil recovery than that of low permeable core. Nevertheless, the
potential of additional oil recovery is available in both cores if
they are exposed to a longer excitation time.
The ﬁgure exhibits a clear difference in the recovery perfor-
mance of both core samples. The remaining oil saturation in
the case of a high permeable core dropped from 39% to
35% PV (50% to 45% OOIP) and in the case of a low perme-
able core from 31% to 30% PV (41% to 39% OOIP). How-
ever, the low recovery is mainly due to the time limitation of
the manufacturer on operation of a ultrasonic wave generator.
It was not recommended to exceed a running time of 45 min.
The ultimate recovery would increase in the case of increasing
the excitation time.
Moreover, it must be emphasized that the maximum in-
crease in the oil recovery was associated with the cycled inter-
mittent excitation. This is probably due to the fact that water/
oil separation did not take place within the porous media dur-
ing the very short period of excitation. In contrast, the contin-
uous wave stimulation of 30–45 min. contributes to additional
oil recovery but at the same time water/oil separation would
occur resulting in low recovery and early water breakthrough.
However, based on the results obtained in this study, the
main factors leading to additional oil recovery are: oil droplets
that are stuck in nooks and crannies of the medium can be dis-
lodged by vibration and subsequently carried along by water
ﬂow. Also, the wave stimulation can improve the oil recovery
by the intensity of coalescence of water droplets and their
sticking to the solid surface. Langnes (1972) describes the ef-
fect of coalescence of water droplets on the attachment of
water to the solid surface, which can cause an alteration of
wettability. Additionally, the formulation of emulsion was ob-
served in all runs involving the wave stimulation, which is also
one of the factors leading to additional oil recovery. But emul-
sions are usually more viscous than oil, which again may re-
duce recovery. Hence, these two factors may cancel each other.
Fig. 10 shows an image of the formulated emulsion in the
glass tube. This emulsion was generated due to the ultrasonic
vibrations. However, it has been found that this emulsion is
Figure 10 Generated emulsion with low stability observed in the
efﬂuent.
Figure 11 Images showing the sand production: (A) while
waterﬂooding and (B) after sand grains have settled at the bottom
of the glass cylinder.
Figure 12 SEM photo showing the general texture of the core
sample having a compressive strength of higher than 150 psi after
wave stimulation.
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after a short time (20–30 min.).
However, in some cases, where droplets were isolated, the
glass cylinder was carefully shaken to liberate those oil drop-
lets that remained attached to the glass wall.
3.3. Unconsolidated coreﬂoods
Artiﬁcial unconsolidated core samples were prepared with a
compressive strength ranging from 50 to 150 psi to study the
effect of generated waves on the stability of the consolidation
during the wave stimulation.
The unconsolidated samples were ﬂooded with brine (oil
ﬂooding was not performed) and the pressure drop was ob-
served and recorded. The measurement showed stabilized pres-
sure drop at constant ﬂow rates. Then waterﬂooding was
applied in the presence of wave stimulation, which resulted
in sand production and the ﬂow resistance of brine in porous
media increases gradually, which is indicated by the increase
of pressure drop across the core. This phenomenon is due to
the motion of the grains within the porous media caused by
the mechanical energy created by ultrasonic generators.
Fig. 11 shows sand grains produced by waterﬂooding in the
presence of ultrasonic stimulation.
Several attempts were made on other core samples with
higher compressive strengths. Difﬁculties were still experienced
in applying wave stimulation simultaneously with water ﬂood-
ing in all runs on porous media below a compressive strength
of 150 psi.
Fig. 12 shows the general texture of core sample having a
compressive strength higher than 150 psi. The SEM photo
shows that the texture of the core was not affected by the wave
stimulation.
From the above two observations, it is concluded that the
application of wave stimulation is not recommended in oil res-
ervoirs with rock compressive strength lower than 150 psi
(weak consolidation rocks).
Finally, it is worth mentioning, that among the several fea-
tures observed through this study, no negative impact on the
rock and ﬂuid properties was noticed due to the wave stimula-
tion. Therefore, this method can be applied in wide ranges of
types of reservoirs. This makes the wave stimulation moreattractive than the other conventional EOR processes. In the
conventional EOR methods, there is no universal method
which can be implemented in any reservoir. The selection of
an EOR process is based on different reservoir parameters,
such as; temperature, salinity, types of formation, depth, per-
meability, etc. However, a selected EOR method, which is
not suitable for the given reservoir, would have a negative im-
pact on the reservoir associated with high restoration cost.
4. Conclusions and recommendations
It should be emphasized that the ultimate aims of this research
are to investigate the effect of wave stimulation as a newly pro-
posed method to improve oil recovery, and to identify the
recovery mechanisms. Thus, extensive coreﬂood tests were
conducted horizontally and vertically. The wave excitation
was carried out at OOIP and at residual oil saturation. Rela-
tive permeability curves were created to evaluate the ﬂooding
performance in the presence and the absence of wave
stimulation.
Based on this research the following conclusions can be
drawn:
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in the case of vertical and horizontal coreﬂoods. Every
increase even 1% can make a huge difference in the
amount of oil production and in the estimated oil
reserve.
2- The interaction of the generated waves with the ﬂuids in
pores causes changes in relative permeabilities of the
rock to oil and water, and improves the rate of oil
production.
3- Gravitational separation leads to later water break-
through in vertical coreﬂoods.
4- Due to gravitational separation, horizontal wells espe-
cially can beneﬁt much by using this method.
5- Wave stimulation at residual oil saturation shows higher
results in the oil recovery rate and therefore, this method
can be recommended in reservoirs having high water sat-
uration or in depleted oil reservoirs.
6- In vertical wells with cased holes and selective perfora-
tion, wave stimulation is recommended in reservoirs at
which the permeability decreases with an increase in
depth.
7- Wave stimulation is not recommended in unconsoli-
dated formations with a compressive strength of lower
than 150 psi due to sand production.
8- The effect of oil API on ultrasonic water ﬂood recovery
should be taken into account in the future research.Appendix A.The experimental set used in this research.References
Abramov Vladimir O., Mullakaev, Marat S., Abramova, Anna V.,
Esipov, Igor B., Mason, Timothy J., in press. Ultrasonic technol-
ogy for enhanced oil recovery from failing oil wells and the
equipment for its implementation, Elsevier Ultrasonics Sonochem-
istry. Available online 28 March 2013 (Accepted Manuscript).
Al-Fattah, S.M., 2004. Equations for water/oil relative permeability in
Saudi Arabian sandstone reservoirs. Saudi Aramco Journal of
Technology 4 (1), 48–58.Al-Homadhi, E. S., Hamada, G.M., 2001. Determination of Petro-
physical and Mechanical Property Interrelationships for Simulated
Sandstone Rocks. The 6th Nordic Symposium on Petrophysics.
NTNU, Trondheim, Norway, 15–16 May.
Amro, M.M. 1994. Microbial Enhanced Oil Recovery, PhD Thesis,
Technical University of Clausthal, Germany, ISBN: 3-930697- 45-
9, (1994).
Chierici, G.L., 1994. Principles of Petroleum Reservoir Engineering.
Translated from Italian by Westaway P.J. Springer-Verlag.
Frederick, J.R., 1965. Ultrasonic Engineering. John Wiley and Sons,
Inc., USA, pp. 12–49.
Gharabi, R., 2005. Application of an expert system to optimize
reservoir performance. Journal of Petroleum Science and Engi-
neering 49, 261–273.
Hamida, T. and Babadagli, T., 2005. Effect of Ultrasonic Waves on
the Capillary-Imbibition Recovery of Oil. Paper SPE 92124,
Presented at the 2005 Asia Paciﬁc Oil and Gas Conference and
Exhibition. Jakarta, Indonesia, 5–7 April.
Hamida, Tarek., Babadagli, Tayfun., 2008. Effects of ultrasonic waves
on the interfacial forces between oil and water. Elsevier Ultrasonics
Sonochemistry 15 (4), 274–278.
Kouznetsov, O.L. et al, 1998. Improved oil recovery by application of
vibro-energy to waterﬂooded sandstones. Journal of Petroleum
Science and Engineering 19, 191–200.
Laherrere, J., 2001. Estimates of Oil Reserves. Paper presented at the
EMF/IEA/IEW meeting, IIASA, Luxemburg, Austria, June 19.
Lake, L.W., Schmidt, R.L., Venuto, P.B., 1994. A Niche for Enhanced
Oil Recovery in the 1990s. Oilﬁeld Review. January.
Langnes, G.L., 1972. Secondary Recovery and Carbonate Reservoirs.
Elsevier Publ. Co., New York, Am.
Littmann, Wolfgang, 1997. Application of Surface-Active Agents in
Petroleum Production, Handbook of Surface and Colloid Chem-
istry. CRC Press LLC, pp. 689–694.
Mohammadian, Erfan., Junin, Radzuan., Rahmani, Omeid., Idris,
Ahmad Kamal, 2013. Effects of sonication radiation on oil
recovery by ultrasonic waves stimulated water-ﬂooding. Elsevier
Ultrasonics Sonochemistry 53 (2), 607–614.
Naderi, Khosrow., Babadagli, Tayfun., 2010. Inﬂuence of intensity
and frequency of ultrasonic waves on capillary interaction and oil
recovery from different rock types. Elsevier Ultrasonics Sono-
chemistry 17 (3), 500–508.
Nikolaevskiy, V.N., et al., 1996. Residual Oil Reservoir Recovery with
Seismic Vibrations, SPE Production and Facilities, pp. 98, May.
Roger Hite, J., Avasti, S.M., Paul, L.B., 2004. ‘‘Planning EOR
Project’’. Paper SPE 92006, Presented at the 2004 SPE Interna-
tional Petroleum Conference. Puebla, Mexico, November 8–9.
Toth, J., Bodi, T., Szucs, P., Civan, F. Direct Determination of
Relative Permeability from Nonsteady-state Constant Pressure and
Rate Displacements, Paper SPE 67318, Presented at the SPE
Production and Operation, Oklahoma City, March 24-27, (2001).
Westermark, R.V. et al., 2001. Enhanced Oil Recovery with Downhole
Vibration Stimulation. Paper SPE 67303, Presented at the Produc-
tion and Operations Symposium. Oklahoma City, March 24–27.
Williams, B., 2003. Progress in IOR technology, economics deemed
critical to staving off world’s oil production peak. Oil & Gas
Journal 101 (30).
Zhu, I., Xutao, H., and Vajjha, P., 2005. Downhole Harmonic
Vibration Oil-Displacement System: A New IOR Tool. Paper SPE
94001, Presented at the 2005 SPE Western Regional meeting,
Irvine, CA, USA, 30 March–1 April.
